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Abstract 

Background: Abundance and distribution of the plant hormone auxin play important roles in plant development. 
Besides other metabolic processes, various auxin carriers control the cellular level of active auxin and, hence, are 
major regulators of cellular auxin homeostasis. Despite the developmental importance of auxin transporters, a 
simple medium-to-high throughput approach to assess carrier activities is still missing. Here we show that carrier 
driven depletion of cellular auxin correlates with reduced nuclear auxin signaling in tobacco Bright Yellow-2 (BY-2) 
cell cultures. 

Results: We developed an easy to use transient single-cell-based system to detect carrier activity. We use the 
relative changes in signaling output of the auxin responsive promoter element DR5 to indirectly visualize auxin 
carrier activity. The feasibility of the transient approach was demonstrated by pharmacological and genetic 
interference with auxin signaling and transport. As a proof of concept, we provide visual evidence that the 
prominent auxin transport proteins PIN-FORMED (PIN)2 and PIN5 regulate cellular auxin homeostasis at the plasma 
membrane and endoplasmic reticulum (ER), respectively. Our data suggest that PIN2 and PIN5 have different 
sensitivities to the auxin transport inhibitor 1-naphthylphthalamic acid (NPA). Also the putative PIN-LIKES (PILS) 
auxin carrier activity at the ER is insensitive to NPA in our system, indicating that NPA blocks intercellular, but not 
intracellular auxin transport. 

Conclusions: This single-cell-based system is a useful tool by which the activity of putative auxin carriers, such as PINs, 
PILS and WALLS ARE THIN1 (WAT1), can be indirectly visualized in a medium-to-high throughput manner. Moreover, 
our single cell system might be useful to investigate also other hormonal signaling pathways, such as cytokinin. 
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Background 

The phytohormone auxin is crucial to control plant growth 
and development. At the cellular level, auxin regulates cell 
division, cell expansion, and cellular differentiation [1]. 
Auxin largely exerts its action through a multistep signal- 
ing pathway: Aux/IAA proteins are repressors of the 
AUXIN RESPONSE FACTOR (ARF) transcription factors. 
Auxin directly binds to the nuclear co-receptors TRANS- 
PORT INHITOR RESPONSE/ AUXIN F-BOX PROTEIN 
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(TIR/AFB) and the Aux/IAA. Auxin binding causes the 
subsequent degradation of Aux/IAA transcriptional repres- 
sors [2-4]. Subsequently, auxin perception leads to the 
de-repression of the ARF transcription factors, initiating 
transcriptional reprogramming. 

The spatial and temporal distribution of auxins depends 
on auxin metabolism (biosynthesis, conjugation, and deg- 
radation) and the activity of cellular auxin transporters [5]. 
To date, various auxin carriers have been identified [6], 
among which the most prominent are auxin influx carriers 
of the AUXIN RESISTANT 1 /LIKE AUX1 (AUX/LAX) 
class, ABC transporters of the MULTIDRUG RESISTANCE 
(B-type) subfamily, and PIN-FORMED (PIN) auxin carriers 
[7-9]. Pharmacological and genetic interference with auxin 
carriers have illustrated the importance of auxin transport 
mechanisms for various aspects of plant development [10]. 
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In particular, classical auxin transport inhibitors, such as 
1-naphthylphthalamic acid (NPA) [11-13], are valuable 
tools to assess various auxin carrier-mediated develop- 
mental processes. Typically, auxin carriers mediate the 
cellular auxin import or export at the plasma membrane 
and, thus, regulate the auxin availability for nuclear auxin 
signaling (carrier-driven cellular auxin homeostasis). How- 
ever, recently, a subclass of PIN proteins, such as PIN5 
and PIN8, has been shown to reside at the endoplasmic 
reticulum (ER) and to control cellular auxin homeostasis 
presumably via the regulation of intracellular auxin com- 
partmentalization into the ER lumen [14-16]. Yet another 
evolutionary distinct PIN-LIKES (PILS) putative auxin car- 
rier family functions at the ER, indicating broad develop- 
mental and evolutionary importance of intracellular auxin 
transport [17-19]. 

The transport capacity of a multitude of auxin carriers 
and their sensitivity to auxin transport inhibitors has been 
analyzed in plant cell systems, such as Arabidopsis proto- 
plasts or Bright Yellow-2 (BY-2) cell cultures of tobacco 
{Nicotiana tabacum), and in heterologous cell systems, 
such as yeast and mammalian cells [9,14,20-23]. These 
elaborate auxin transport assays are important tools to 
study transport activities and mechanisms. However, it 
would be desirable to develop easier methods to asses 
auxin carrier activity. An alternative approach has been 
proposed for the indirect visualization of the carrier- 
driven auxin homeostasis [24,25]. This bioassay utilizes 
the stimulating effect of free auxin levels on root hair 
elongation. The root hair-specific expression of an auxin 
carrier and its action on the root hair length is used to 
indirectly visualize carrier driven auxin homeostasis. How- 
ever, auxin fluxes in neighboring tissues also contribute to 
the regulation of root hair growth [26], preventing the 
combined use of ectopic carrier expression and its sen- 
sitivity to auxin transport inhibitors. Moreover, the time- 
consuming generation of stable transgenic lines might limit 
the use of this bioassay for high-throughput applications. 

Another frequently used tool to monitor auxin signaling 
is the synthetic, highly auxin responsive promoter DR5, 
created by tandem repeats of the auxin responsive element 
(AuxRE) from the soybean GH3 promoter [27]. Previ- 
ously, the DR5 promoter activity has been suggested to 
indicate the relative rate of nuclear auxin signaling in 
various tissues [28-33]. DR5 has been used to visualize 
auxin signaling maxima and minima which, however, do 
not correlate in all cells with the actual auxin levels pos- 
sibly due to cell type-dependent cues [32,34,35]. 

Here, we present a novel single cell based system, using 
the DR5 promoter, to address cellular mechanisms that 
affect cellular auxin homeostasis and ultimately auxin sig- 
naling. We show the correlation between DR5 promoter 
activity and fluctuations in cellular auxin levels in tobacco 
BY-2 cells. Our data suggest that the transient expression 



of DR5rev:monomeric RED FLUORESCENT PROTEIN 
(mRFP) reporter for nuclear auxin signaling can be used 
to illustrate the relative state of cellular auxin signaling 
in tobacco BY-2 cells. By means of this single-cell-based 
system, the relative auxin carrier induced changes in 
cellular auxin signaling were monitored, indirectly indi- 
cating auxin carrier activity. As a proof of concept, we 
assessed the prominent PIN auxin carrier activity and 
confirmed their effects on cellular auxin homeostasis/ 
signaling [14,21]. Moreover, a pharmacological approach 
revealed that the activity regulation of PIN2 at the plasma 
membrane and PIN5 at the ER are distinct. Furthermore, 
we show that this single-cell-based system could be analo- 
gously used to investigate other putative carriers, such as 
PILS and WAT1, or potentially even other hormonal path- 
ways, such as cytokinin. 

Results 

Indirect visualization of auxin carrier activity in tobacco 
BY-2 cells 

In previous studies, the synthetic auxin-responsive pro- 
moter element DR5 fused to the monomeric RFP or GFP 
reporter gene (DR5rev:mRFP/GFP) [30,36,37] was used to 
visualize the auxin response maxima within tissues and 
it was proposed to indirectly estimate auxin distribution 
[29,30,33]. However, auxin distribution and DR5-based 
auxin signaling does not always correlate in plant tissues 
presumably due to cell type-dependent cues [32]. 

To reduce cell type dependent effects, we tested whether 
the DR5 promoter could be used in tobacco BY-2 cell cul- 
tures to indirectly estimate auxin carrier activity. In order 
to address the correlation between auxin carrier activity 
and DR5 promoter activity in tobacco BY-2 cells, we stably 
transformed the DR5rev:mRFP construct into transgenic 
BY-2 lines carrying the construct for inducible PIN 1 -GFP 
[38] or PIN7 [21] expression. PIN1 and PIN7 are plasma 
membrane localized auxin efflux carriers important for 
plant growth and development [6,21]. Induction of PIN1- 
GFP and PIN7, which causes cellular auxin depletion [21], 
decreased DR5rev:mRFP signal intensity compared to 
non-induced cells, reflecting lower nuclear auxin signal- 
ing (Figure 1A-1F, Additional file 1: Figure SI A). The 
DR5rev:RFP signal intensity is represented by the aver- 
age mean gray value (MGV) of the induced cell popula- 
tion (n > 150 single cells) relative to the average MGV of 
the uninduced control population (n > 150). 

Within the estradiol induced PIN 1 -GFP expressing BY-2 
cell population, we observed a negative correlation between 
DR5rev:mRFP and PIN1-GFP signal intensity (Additional 
file 1: Figure SIB and SIC), suggesting lower levels of 
nuclear auxin signaling in case of high PIN1-GFP activity. 

To unambiguously depict auxin carrier activity of PIN1- 
GFP and PIN7, we performed auxin accumulation assays 
on the same cell lines and observed lower accumulation of 
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Figure 1 Correlation between altered DR5 promoter activity and 
cellular auxin accumulation in stably transformed tobacco BY-2 
cells. Tobacco BY-2 cells stably transformed with the auxin responsive 
DR5rev\mRFP and the estradiol (Est) inducible XVE-PIN1-GFP or the 
dexamethasone (Dex) inducible GVG-PIN7 construct. (A,B) Induction of 
PIN1-GFP (in green) with estradiol visibly decreases DR5rev:mRFP (in red) 
signal intensity compared to non-induced cells as visualized by confocal 
imaging. (C,D) Dexamethasone-dependent induction of P/A/7 visibly 
decreases DR5rev:mRFP signal intensity compared to non-induced cells. 
(E) Graph depicts mean gray values (MGV) of the DR5rev:mRFP signal 
intensity in PIN1 induced and non-induced cells (n = 150). (F) MGV of 
the DR5rev:mRFP signal intensity in PIN7 induced and non-induced cells 
(n = 150). (G) [ 3 H]NAA accumulation assays in non-induced and 
estradiol-induced {XVE-PIN1-GFP) cells. Error bars represent standard 
error. Statistical significance was evaluated with the unpaired student 
T-test (* P < 0.05, ** P < 0.01, *** P < 0.0001). 



the radiolabeled synthetic auxin 1-naphtylacetic acid ([ 3 H] 
NAA) in estradiol induced PIN1-GFP expressing cells com- 
pared to non-induced cells (Figure 1G). Our findings indi- 
cate that DR5rev:mRFP signal intensity (Figure 1A-F) 
correlates with cellular auxin accumulation (Figure 1G), 
presumably due to carrier induced changes in cellular auxin 
content and subsequent alterations in auxin signaling. 

We conclude that under our experimental conditions 
the DR5 promoter activity can be used in BY-2 cells to 
indirectly visualize auxin carrier-dependent regulation of 
cellular auxin homeostasis. 

Procedure for transient auxin carrier expression in a 
single-cell-based system 

In BY-2 cells, the visualization of auxin signaling could be 
used to indirectly monitor carrier driven cellular auxin 
homeostasis. To establish a medium-to-high throughput 
assay, we elaborated on procedures to transiently express 
auxin carriers. Particle bombardment is an easy to use 
procedure that enables high transformation efficiencies 
at low plasmid concentrations and has, in case of partial 
automatization, the potential for high-throughput use 
[39,40]. We adjusted the previously described particle 
bombardment procedure [39,40] for efficient, transient 
tobacco BY-2 transformation (see Materials and methods). 
To obtain high protein expression levels, BY-2 cell cul- 
tures in the exponential growth phase were used. DNA 
concentrations ranging from 0.05 \ig/[A to 1 \ig/[A were 
sufficient for transient expression and resulted in a correl- 
ation between DNA concentration and expression levels, 
allowing fine-tuning of the gene expression (data not 
shown). The co-transformation efficiency was tested by 
transformation of two plasmids at different concentration 
ratios and the co-transformation levels were calculated 
(Additional file 1: Table SI). Although dependent on con- 
centration, in general the co-transformation efficiency 
was very high (approximately 90% at 0.05 [ig/[il for both 
plasmids), enabling the two plasmids to be efficiently 
co-transformed (Additional file 1: Table SI). Thus, BY-2 
particle bombardment can be used as a suitable method 
to efficiently co-express genes of interest. 

Transient single-cell-based-system to monitor auxin 
signaling 

To initially test whether the transient DR5 expression 
in BY-2 cells could be used to visualize qualitative 
differences in levels of auxin signaling between two 
samples of interest, we transiently co-transformed 
tobacco BY-2 cells with the auxin responsive DRSrev: 
mRFP construct and the stabilized auxin signaling re- 
pressor IAA17mImII fused to the activator domain of 
the herpes simplex virus VP16. This construct leads 
to constitutive auxin signaling in plant cells [41,42]. 
As expected, the mean gray value (MGV) of DR5rev: 
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mRFP (reflecting auxin signaling) was higher in cells 
co-transformed with DR5rev:mRFP and 35S:VP16- 
IAA17mImII than in control cells expressing DRSrev: 
mRFP and the inert endoplasmic reticulum (ER) mar- 
ker 35S:HDEL-GFP (Figure 2A-2C). To further elaborate 
on the relative changes in DR5 /auxin signaling, we subdi- 
vided the transformed cell population in 4 classes accord- 
ing to the relative MGV. Individual cells were scored as 
low (-) with a relative MGV below 0.5 (2" 1 ), medium (+) 
with a relative MGV above 0.5 (2" 1 ) and below 1 (2°), 
high (++) with a relative MGV between 1 (2°) and 2 (2 1 ) 
and very high (+++) with a relative MGV value higher 
than 2 (2 1 ). (Figure 2E and Additional file 1: Figure S2). 
This alternative visualization allows us to trace the shifts 
in relative cell numbers with low, medium, high and very 
high RFP signal intensity between two samples and to 
compare even more subtle differences in DR5rev:mRFP 
signal intensities. 35S:VP16-IAA17mImII enhanced auxin 
signaling in our system and accordingly reduced the rela- 
tive cell numbers with low/medium and increased the 
cell numbers with strong, or very strong RFP signal in- 
tensity (Figure 2E). 

These findings indicate that the transient DR5rev:mRFP 
expression in BY-2 cells can be used to monitor the quali- 
tative differences in nuclear auxin signaling. 

Next, we examined whether our single-cell-based system 
can be used to address mechanisms of auxin transport. 
Therefore we treated the DR5rev:mRFP-tmnsformed cell 
population with the auxin transport inhibitor NPA that 
reduces cellular auxin efflux and, hence, increases cellu- 
lar auxin levels [43]. As expected, NPA treatment sig- 
nificantly increased the relative rate of DR5 signaling in 
our transient assay (Figure 2B, 2D and 2F), revealing 
that NPA action on cellular auxin efflux and cellular 
auxin homeostasis can be monitored in our single-cell- 
based system. 

Our findings suggest that the DR5- and single-cell- 
based system can be used to qualitatively monitor 
changes in auxin signaling. However, in order to use 
this system in a meaningful way, the experimental de- 
sign needs to be carefully chosen, because DR5 activ- 
ity has been suggested not to solely reflect auxin 
signaling. The phytohormone brassinolide affects the 
expression of several auxin responsive genes as well 
as the activity of the DR5 promoter in Arabidopsis 
thaliana [34,35] (Additional file 1: Figure S3 A and 
S3B). Nevertheless, in our experimental conditions, 
brassinolide treatment did not increase the average 
MGV of DRSrev.mRFP transformed tobacco BY-2 cells 
(Additional file 1: Figure S3C-S3E). This finding indi- 
cates that either brassinosteroids do not increase 
auxin signaling in BY-2 cells or that our approach is 
not sensitive enough to trace subtle differences, such 
as brassinosteroid-induced auxin signaling. 



Auxin carrier trafficking and localization in the single-cell- 
based system 

To further assess the usability of the method, we stud- 
ied the effect of the PIN auxin carrier activity on the 
cellular auxin signaling. Initially, a time-frame of pre- 
sumably high PIN protein activity was defined by inves- 
tigating the PIN trafficking/localization after transient 
BY-2 transformation. Transmembrane proteins, such as 
PIN proteins, are co-translationally inserted into the ER 
membrane. Plasma membrane-localized PIN proteins, such 
as PIN1, are exported subsequently from the ER and sorted 
to the plasma membrane [44]. In contrast, PIN5 proteins 
remain at the ER membrane, where they function as regu- 
lators of (intra)cellular auxin homeostasis [14]. 

Ten hours after transformation, we observed coloca- 
lization of PIN1-RFP with the inert ER marker HDEL: 
GFP in most of the transformed cells (87%) (Figure 3A 
and 3D), implying high levels of newly synthesized 
PIN proteins, whereas 16 h after transformation, in 
most analyzed cells, PIN1-RFP was absent from the ER 
and solely visible (at the given confocal setting) at the 
plasma membrane (Figure 3B and 3D) where it is ac- 
tive [21]. Afterwards, the percentage of cells with a 
strong PIN1-RFP signal at the plasma membrane dimin- 
ished over time (Figure 3D). This decrease in PIN1 
localization at the plasma membrane correlated with an 
increase of the PIN1-RFP occurrence in the vacuole 
(Figure 3C and 3D), hinting at a PIN1 turnover by lytic 
degradation [45]. 

Altogether, PIN1 proteins displayed a pronounced local- 
ization and, presumably, high activity at the plasma mem- 
brane between 16 h-18 h after transformation. At that time 
point (17 h after transformation), also other PIN proteins, 
such as PIN2-GFP and PIN5-GFP, strongly localized at the 
plasma membrane and ER (Figure 4A and 4B), respectively. 
We conclude 16 h to 18 h as a suitable time frame for the 
analysis of PIN auxin carrier activity. 

Activity of the PIN auxin transport proteins affects auxin 
signaling 

Next, we investigated the effect of the PIN auxin carrier 
activity on the cellular auxin signaling using the DR5- 
and single-cell-based system. Cells cotransformed with 
DR5rev:mRFP and 35S:PIN2-GFP had a lower DR5rev: 
mRFP signal intensity than the control cells expressing 
DRSrev.mRFP and the inert ER marker 35S:HDEL-GFP 
(Figure 4A, 4E and 41). These observations are in agree- 
ment with the PIN induced decrease in cellular auxin accu- 
mulation (Figure 1A-I) and indicate a decreased auxin 
signaling due to the enhanced PIN2-auxin efflux carrier ac- 
tivity at the plasma membrane. 

PIN5 is an ER localized auxin carrier described to fa- 
cilitate auxin transport from the cytosol into the ER. 
This auxin sequestration into the ER presumably reduces 
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(See figure on previous page.) 

Figure 2 Effect of altered auxin signaling and transport capacity on cellular auxin homeostasis. (A,B) Graphs represent the relative 
average mean gray values (MGV) of the DR5rev:mRFP signal intensity. Error bars represent standard error (n = 60). Statistical significance was 
evaluated with the unpaired student T-test (* P < 0.05, ** P < 0.01, *** P < 0.0001). (A) Coexpression of DR5rev:mRFP and the stabilized version of 
IAA17 fused to a VP16 activator domain {35S:VP1 6-IAA1 7mlmll), causing constitutive auxin signaling, significantly increased the relative average 
MGV compared to the 35S:HDEL-GFP-express\ng control cells. (B) NPA treatment leads to an increased MGV/DR5 signaling compared to 
transformants maintained in standard cultivation medium. (C) 10 representative pictures are shown for the control cells (left panel) and the cells 
overexpressing VP16-IAA1 7-mlmll (right panel). (D) 10 representative pictures are shown for the untreated control cells (left panel) and the cells 
treated with NPA (right panel). (E,F) Graphs depict the changes in relative number of transformed cells displaying a low (-), medium (+), high (++), and 
very high (+++) DR5rev:mRFP signal between the two samples addressing VP16-IAA1 7-mlmll expression or NPA treatment (for detailed description of 
the quantification, see Additional file 1: Figure S2). Error bars represent standard error (n = 3 repetitions with at least 50 counted cells). Statistical 
significance was evaluated with the ANOVA test; the P-value is indicated. 



the availability of auxin for nuclear auxin signaling [14]. 
In agreement with these assumptions, the PIN5-GFP ex- 
pression caused a significant decrease in the DR5rev: 
mRFP signal intensity (Figure 4B, 4F and 4J). 

We conclude that the DR5- and single-cell-based system 
can be used to indirectly monitor the activity of plasma 
membrane and ER localized PIN auxin transporters. 

Auxin transport inhibitor NPA inhibits PIN2, but not PIN5 
action in the single cell system 

As described above, the expression of PIN2-GFP facili- 
tates the auxin efflux from cells and, hence, lowers the 
levels of intracellular auxin signaling (Figure 4E and 41). 
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Figure 3 Cellular localization and trafficking of PIN1-RFP. 

(A) Colocalization of PIN1 proteins (in red) with the ER marker HDEL-GFP 
(in green) 10 h after transformation. (B) PIN1-RFP preferentially localizes 
to the plasma membrane (PM) after 16 h. (C) 24 h after 
transformation, PIN1-RFP shows vacuolar localization indicating 
lytic turnover. (D) Relative number of cells showing pronounced 
PIN1-RFP signal in the ER, PM, and in the vacuole over a time 
course of 24 h after transformation. Cells showing PIN1-RFP both at 
PM and either at the ER or vacuole were ascertained as ER or 
vacuole positive, respectively. Bars = 10 urn. 

V / 



After treatment with the auxin transport inhibitor NPA, 
PIN2 expression did not decrease auxin signaling com- 
pared to NPA treated HDEL-GFP expressing control cells 
(Figure 4G and 4K). Importantly, NPA did not visibly affect 
the transient PIN2 localization at the plasma membrane 
(Figure 4C), indicating that our single-cell-based system 
monitors the inhibitory effect of NPA on the auxin trans- 
port activity of PIN2 [21,23]. 

In contrast to PIN2, the PIN5-GFP expression (Figure 4D) 
reduced the auxin signaling even in the presence of NPA 
(Figure 4H and 4L). This difference in NPA sensitivity 
indicates that the mechanisms of NPA action and/ or auxin 
transport mechanisms of PIN2 and PIN5 are distinct. This 
finding is in agreement with a NPA binding activity at 
the plasma membrane [46]. To further assess the NPA 
insensitivity of putative auxin carriers at the ER, we ana- 
lyzed PILS putative auxin carrier activity in our system. 
PILS5 localizes to the ER and was recently described to 
decrease nuclear auxin signaling presumably due to auxin 
sequestration into the ER [17]. Similar to PIN5, we observed 
a PILS5 dependent decrease in DR5 signaling in the pres- 
ence of NPA (Additional file 1: Figure S4). Hence, we 
assume that NPA inhibits intercellular, but not intracel- 
lular auxin transport at the ER in BY-2 cell cultures. 

We conclude that the single-cell-based system is a sensi- 
tive approach not only to monitor the carrier-driven auxin 
homeostasis, but also to assess the auxin carrier sensitivity 
to auxin transport inhibitors. These data demonstrate that 
our transient approach can be used to investigate the gen- 
etic or pharmacological interferences with auxin carrier 
function. 

WAT1 protein activity affects cellular auxin homeostasis 

To assess whether the approach is suitable to monitor 
also the activity of other putative transporters, we co- 
expressed DRSrevimRFP with WALLS ARE THIN1 
(WAT1) (Figure 5 A). WAT1 is a tonoplast-localized trans- 
membrane protein that belongs to the drug/metabolite 
transporter superfamily. WAT1 activity has an impact on 
auxin homeostasis by affecting tryptophan and/or auxin 
metabolism via an unknown mechanism [47]. We used 
our single-cell-based system to investigate whether WAT1 
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Figure 4 Effect of PIN protein activity on cellular auxin homeostasis. (A) Preferential PIN2-GFP localization at the plasma membrane. 
(B) Typical perinuclear ER localization of PIN5-GFP. (C,D) PIN2-GFP and PIN5-GFP localization is not affected in the presence of the auxin transport 
inhibitor NPA (application with 10 uM NPA-enriched medium). Arrowheads depict preferential PIN2 and PIN5 localizations at the PM and ER, 
respectively. Bars = 10 Mm. (E,I,F,J) Cells co-transformed with DR5rev:mRFP and either 35S:PIN2-GFP or 35S:PIN5-GFP had a lower DR5rev:mRFP signal 
intensity than the control cells expressing DR5rev:mRFP and the inert ER marker 35S:HDEL-GFP. (G,H,K,L) In the presence of NPA, PIN5-GFP but not 
PIN2-GFP expression decreases DR5rev:mRFP signal intensity. (E-H) Graphs represent the relative average mean gray values (MGV) of the DR5rev:mRFP 
signal intensity. Error bars represent standard error (n = 60). Statistical significance was evaluated with the unpaired student T-test (* P < 0.05, ** P < 0.01, 
*** P < 0.0001). (I-L) Graphs depict the change in relative number of transformed cells displaying a low (-), medium (+), high (++), and very high (+++) 
DR5rev:mRFP signal intensity between the two samples (for detailed description of the quantification, see Additional file 1: Figure S2). Error bars represent 
standard error (n = 3 repetitions with at least 50 counted cells). Statistical significance was evaluated with the ANOVA test; the P- value is indicated. 



affects the cellular auxin signaling in BY-2 cells. Cells co- 
transformed with DR5rev:mRFP and 3SS:WAT1:GFP had a 
lower DR5rev:mRFP signal intensity than control cells 
expressing DR5rev:mRFP and 35S:GFP:GFP (Figure 5B and 
5C), implying a negative effect of WAT1 protein activity 
on nuclear auxin signaling. These data show that our 
single-cell-based system visualizes the effect of WAT1 on 
cellular auxin homeostasis and that it could be in principle 



used to indirectly asses the activity of a wide range of car- 
rier proteins. 

Indirect visualization of the cellular cytokinin homeostasis 

As the single-cell-based system enables the indirect moni- 
toring of carrier driven cellular auxin homeostasis, we 
tested whether the method could be used analogously 
for other hormonal pathways. The synthetic cytokinin- 
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Figure 5 Effect of WAT1:GFP protein activity on cellular auxin homeostasis. (A) Preferential WAT1:GFP localization at the tonoplast 



(arrowheads). Bar= 10 urn. (b,c) Lower DR5rev:mRFP intensity in cells expressing 35S:WAT1:GFP than control cells co-expressing DR5rev:mRFP and 
35S:GFP:GFP. (B) Graph represents the relative average mean gray values (MGV) of the DR5rev:mRFP signal intensity. Error bars represent standard 
error (n = 60). Statistical significance was evaluated with the unpaired student T-test (* P < 0.05, ** P < 0.01, *** P < 0.0001). (C) Graph depicts the 
change in relative number of transformed cells displaying a low (-), medium (+), high (++), and very high (+++) DR5rev:mRFP signal intensity 
between the two samples (for detailed description of the quantification, see Additional file 1: Figure S2). Error bars represent standard error 
(n = 3 repetitions with at least 50 counted cells). Statistical significance was evaluated with the ANOVA test; the P-value is indicated. 



responsive promoter TWO-COMPONENT-OUTPUT- 
SENSOR (TCS):GFP was expressed transiently in tobacco 
BY-2 cells for indirect visualization of the cellular cytokinin 
signaling [48]. The distribution characteristics of the cells 
transiently transformed with TCS:GFP were similar to 
those previously observed for DR5rev:mRFP. Analogously, 
we measured the average MGV of the transformed cell 
population and furthermore categorized the cells in 
subpopulations with very strong, strong, medium, and 
low TCS:GFP signal intensity (Figure 6A-C). The TCS: 
GFP activity was higher in transformants treated with 
6-benzylaminopurine (BAP), a native aromatic cytokinin 
[1], than in those grown in standard cultivation medium 
(Figure 6A and 6B), suggesting an enhanced cytokinin 
signaling in BY-2 cells upon cytokinin application. 

These results suggest that our single-cell-based system 
could eventually be extended to other applications, such 
as the indirect visualization of cellular cytokinin signaling. 

Discussion and conclusion 

The phytohormone auxin plays a key role in many aspects 
of plant growth and development. The cellular auxin 
content is tightly controlled by local auxin metabolism 
(biosynthesis, conjugation/deconjugation, or oxidation) 
and auxin transport facilitators [5,28,49-52]. Whereas 
the complex interplay of these factors still needs to be 
unraveled, it is clear that various transporters have 
pronounced effects on the cellular auxin homeostasis 
[7,9,17,21,47,53]. Furthermore, the steady release of new 
annotated genomes increases the number of putative auxin 
carriers and enables the study of their molecular evolu- 
tion. The scientific progress in auxin carrier identification 
emphasizes the growing demand for suitable approaches 
to assess carrier-driven cellular auxin homeostasis. 

Here, we present a single-cell-based system that allows 
us to monitor qualitative differences in nuclear auxin 



signaling between two samples of interest. Thanks to this 
easy approach, carrier-driven auxin homeostasis and its 
sensitivity to auxin transport inhibitors can be visualized. 
The transient approach enables (possibly in combina- 
tion with automated imaging systems) medium-to-high 
throughput work flows that can be used for chemical gen- 
omic or gain- and loss -of- function screens. The DR5rev: 
mRFP signal intensity can be easily estimated by measur- 
ing the mean grey values. Ratiometric imaging of DR5 
signaling and a constitutive (auxin independent) marker 
could furthermore increase the sensitivity of the approach. 
Also the usage of the so-called novel auxin signaling sensor 
(Aux/IAA-based) termed DII-VENUS [54] could be useful 
to improve the temporal resolution of the system, be- 
cause DII is not based on gene regulation, but on auxin- 
dependent protein degradation. For high-throughput 
work flows, automation, such as qRT-PCR or luciferase- 
based detection, might be most beneficial. 

Various transient expression approaches, such as gold 
particle bombardment, micro-injection, polyethylene gly- 
col (PEG) -mediated DNA uptake, and electroporation of 
protoplasts [55-58] have been successfully used to transi- 
ently transform plant cells. Whereas transient transform- 
ation of protoplasts has been proven to be highly efficient 
in high-throughput work flows, particle bombardment 
of plant cells might be preferable for investigating auxin 
carrier activity, because it does not affect the cell wall 
integrity that might be required for auxin carrier traf- 
ficking and function [59-61]. Accordingly, here we utilized 
particle bombardment of BY-2 cells as a transient trans- 
formation system to establish a single-cell-based system to 
monitor cellular auxin homeostasis. 

As a proof of concept, we investigated prominent PIN 
auxin efflux carriers and visualized their action on the cel- 
lular auxin signaling. In stably transformed BY-2 cell lines, 
we illustrate that PIN-dependent reduction in cellular 
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Figure 6 Effect of exogenous 6-benzylaminopurine (BAP) on 
cellular cytokinin signaling. BAP treatment (application with 10 
uM BAP-enriched medium) led to an increased TCS:GFP signaling 
compared to transformants maintained in the standard cultivation 
medium (control). (A) Graph represents the relative average mean 
gray values (MGV) of the TCS:GFP transformed BY-cells. Error bars 
represent standard error (n = 60). Statistical significance was 
evaluated with the unpaired student T-test (* P < 0.05, ** P < 0.01, 
*** P < 0.0001). (B) Representative pictures show the TCS:GFP signal 
intensities of 10 untreated (left) and BAP treated (right) transformed 
cells. (C) Graph depicts the change in relative number of transformed 
cells displaying a low (-), medium (+), high (++), and very high (+++) 
TCS:GFP signal intensity between the two samples (for detailed 
description of the quantification, see Additional file 1: Figure S2). 
Error bars represent standard error (n = 3 repetitions with at least 50 
counted cells). Statistical significance was evaluated with the ANOVA 
test; the P-value is indicated. 



accumulation of exogenous auxin correlates with decreased 
(DR5-based) nuclear auxin signaling. Using the single-cell- 
based system, we reveal the differential sensitivities of 
PIN2, PIN5 and PILS5 to the auxin transport inhibitor 
NPA. Under our experimental condition, NPA blocks PIN2 
action at the plasma membrane, but does not diminish 
PIN5 and PILS5 function at the ER, indicating that auxin 
transport mechanisms at the plasma membrane and at the 
ER could be partially distinct. These findings are in agree- 
ment with the assumption that NPA action on auxin carrier 
activity might be restricted to the plasma membrane [46]. 
As such, NPA could be applied to distinguish between 
intercellular and intracellular auxin transport. We assume 
that the differential sensitivity of PIN2 and PIN5 to NPA in- 
dicate the suitability of the system for chemical genetic 
approaches. 

Besides the analysis on PIN2, PIN5 and PILS5, we also 
confirmed that WAT1 negatively affects cellular auxin 
signaling. WAT1 localizes to the tonoplast and has been 
suggested to regulate cellular auxin homeostasis [47], 
possibly by sequestering a yet to be identified auxinic 
compound into the vacuole. How WAT1 affects auxin 
homeostasis is still unclear and the mechanism awaits 
in-depth characterization. Nevertheless, WATT activity 
could be visualized indirectly with our system that might 
be helpful to further characterize its functionality. 

In summary, we established an easy and useful tool to 
visualize carrier activities that affect cellular auxin signal- 
ing. This complementary method bridges the gap between 
highly elaborated direct auxin transport assays and indirect 
approaches such as root hair-based visualization of carrier- 
driven cellular auxin homeostasis [9,14,20-25]. Given the 
transient nature of our approach, it allows, for instance, 
the rapid and systematic pre-screening of several mutant 
versions of an auxin carrier of interest. Subsequently, inter- 
esting candidates could be analyzed in depth in other, more 
elaborated systems. 
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This single-cell-based system could be also used to 
analyze other molecular components involved in auxin 
homeostasis, such as regulators of the auxin signaling or 
metabolism. Moreover, it could be eventually extended to 
investigate other hormonal pathways by means of different 
reporter constructs, such as the cytokinin-responsive elem- 
ent TCS:GFP [48]. However, compared to the DR5 auxin 
reporter, further in depth characterization of TCS:GFP ac- 
tivity in BY-2 cells is needed to use the system analogously. 

Methods 

Plant material and growth conditions 

Nicotiana tabacum L. cv. Bright Yellow-2 cell line [62] was 
cultivated at 25°C in darkness on an orbital incubator at 
150 rpm in liquid medium (3% sucrose, 4.3 g L" 1 Murashige 
and Skoog salts, 100 mg L" 1 inositol, 1 mg L" 1 thiamin, 0.2 
mg L" 1 2,4-dichlorophenoxyacetic acid (2,4-D) and 200 mg 
L" 1 KH 2 P0 4 , pH 5.8) and subcultured weekly (50x dilution). 
The used constructs for transient BY-2 cell transformation 
have been described previously: DR5rev:mRFP [37], XVE:: 
PINLGFP [38], GVG-PIN7 [21], 35S:PIN2-GFP [63], 3SS: 
PIN5-GFP [14], 3SS:PILSS_D [17], 35S:HDEL-GFP [64], 
35S-.PIN1-RFP [59], 35S:VP16-IAA17rnMII [38], 3SS: 
WATLGFP [47], 3SS:GFP:GFP [47], and TCSiGFP [48]. 
Expression of PIN1-GFP in XVE:PINl'GFP/DRS:mRFPl 
genes was induced by the addition of p-estradiol (1 uM, 
48 h) and PIN7 in GVG:PIN7/DRS:mRFP by the addition of 
dexamethasone (3 uM, 48 h) at the beginning of the sub- 
culture interval. The solvent DMSO (estradiol) or H 2 0 
(dexamethasone) were also added to control samples. We 
used Arabidopsis thaliana of ecotype Columbia 0 (Col-0). 
Seedlings were grown vertically on half Murashige and 
Skoog medium. Plants were grown under long-day (16 h 
light/8 h dark) conditions at 20-22°C. The Arabidopsis 
thaliana DR5rev:GFP line was described previously [30]. 
Treatment with 1 uM brassinolide for 18h was performed 
on 7 day old seedlings in liquid growth medium. 

Stable transformation of BY-2 cells 

The basic transformation protocol of An [65] was used. For 
the transformation, BY-2 lines carrying PINhGFP gene, 
under the estradiol-inducible transactivator XVE, (XVE- 
PINLGFP) [38] or PIN7 gene under dexamethasone- 
inducible promoter (line GVG-PIN7) [21] were used. 
Three-day-old BY-2 cells were co-incubated with Agrobac- 
terium tumefaciens strain GV2260 carrying DRrev5:mRFP 
construct. Resulting double transformed lines were main- 
tained in culture media containing 100 [ig/mL kanamycin, 
100 ug/mL hygromycin and 100 (ig/ml cefotaxim. 

Verification of transgene expression using Quantitative 
Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 

Tobacco total RNA was extracted from stably trans- 
formed BY-2 cells (induction of expression GVG-PIN7 



by the dexamethasone (3 uM, 24 h)) using SpectrumTM 
Plant Total RNA Kit (Sigma - Aldrich) and treated with 
DNAse from DNA-freeTM Kit (Ambion). M-MLV Reverse 
Transcriptase (H-) (Promega) was used to generate cDNA, 
according to the manufacturer's instructions. qPCR was 
performed using DyNAmoTM Flash SYBR® Green qPCR 
Kit (Finnzymes). Specific primers: AtPIN7 forward 5'- 
GGGAAGAAGAGTCGGAGAG-3', reverse 5'-AAGAGCC 
CAAATGAGACCAA-3 / ; Ta = 56°C. Resulting values are 
expressed as a ratio of relative expression of particular gene 
in induced cells against relative expression of this gene in 
non-induced cells. Actin was used as reference gene. 

Auxin accumulation measurements 

Auxin accumulation in 2-day-old cells was measured using 
radioactively labelled auxins according to [66], as modified 
by [21]. Treatments were replicated at least three times and 
the average values (± standard errors) were expressed as 
pmols of the particular auxin accumulated per million cells. 
At the beginning of the accumulation assay [ 3 H]NAA 
(20 Ci mmoL" 1 ; American Radiolabeled Chemicals, Inc., 
St Louis, MO, USA) (as a good substrate of auxin efflux 
carriers) was added to the PIN1-GFP induced BY-2 cell line 
XVE-PINl:GFP/DR5rev:mRFP (non-induced line was used 
as a control) to give a final concentration 2nM of [ 3 H]NAA. 

Transient transformation of BY-2 cells 

Adjusted from previously described procedures [39,40] 
10 ml of three-day-old cells were harvested on filter paper 
by vacuum filtration and kept on plates with BY-2 medium 
solidified with 0,6% agar. The cells were transformed via 
particle bombardment with a PDS 1000/He biolistic sys- 
tem (Bio-Rad) according to the manufacturer's instructions 
(http://www.bio-rad.com/webroot/web/pdf/lsr/literature/ 
Bulletin_9075.pdf). To coat the gold particles with DNA, 2 
ul of plasmid DNA (if not indicated differently, 0.05 ug/ 
ul of each construct to transform) was added to 6.25 ul 
of 1.6-um diameter gold particles (dissolved in 50% gly- 
cerol). The suspension was supplemented with 2.5 ul 
spermidine (0.1 M stock solution) and 6.25 ul CaCl 2 
(2.5 M stock solution). For 35S:PIN2-GFP, 35S:PIN5- 
GFP, 35S:HDEL:GFP, and 35S:VP16-IAA17rnIrnII, 0.1 
ug/ul was used for the transformation. The particles 
were pelleted by centrifugation, washed twice with 70% 
and 100% ethanol and, subsequently, resuspended in 10 
ul of 100% ethanol. Cells were bombarded under a pres- 
sure of 1100 psi. Pharmacological treatments were done 
by applying 0.5 ml of BY-2 growth medium, enriched 
with 10 uM NPA, 10 uM 6-benzylaminopurine (BAP) 
(Duchefa) or 1 uM brassinolide (BR) (Fuji Chemical 
Industries) directly after transformation. The plates were 
sealed with parafilm and kept in the dark for 18 h at 
25°C. For microscopic analysis, cells were gently trans- 
ferred (with a spatula) from the filter to a microscopy 
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of DR5rev:GFP intensity. Error bars represent standard error (n > 20). (B) 
Representative pictures display DR5rev:GFP signal intensity of untreated 
(left) and brassinolide treated (right) seedlings. Color-code (black to 
white) depicts (low to high) DR5re\/:GFP signal intensity. (C) Graph 
represents the relative average MGV of the DR5rev:mRFP transformed BY- 
cells. Error bars represent standard error (n > 50). Application with 1 uM 
brassinolide-enriched medium did not lead to a significant change in the 
average relative MGV of DR5rev:mRFP. Statistical significance was 
evaluated with the unpaired student T-test (* P < 0.05, ** P < 0.01, 
*** P< 0.0001). (D) Representative pictures show the DR5rev:mRFP 
signal intensities of 10 transformed control (left) and brassinolide 
treated (right) cells. (E) Graph depicts the change in relative number 
of transformed cells displaying a low (-), medium (+), high (++), and 
very high (+++) DR5rev:mRFP signal intensity between the two 
samples. For detailed description of the quantification, see Additional 
file 1: Figure S2. Brassinolide treatment (application with 1uM 
brassinolide-enriched medium) leads to a significant change in 
relative number of cells displaying a low, medium, high, and very 
high DR5rev:mRFP signal intensity indicating that brassinolide affects 
the variability of relative MGV within the transformed cell population. 
Error bars represent standard error (n = 3 repetitions with at least 50 
counted cells). Statistical significance was evaluated with the ANOVA 
test; The P value is indicated. Figure S4. PILS5 sensitivity to NPA. In 
the presence of NPA, PILS5_D expression decreases DR5rev:mRFP 
signal intensity. (A) Graphs represent the relative average mean gray values 
(MGV) of the DR5rev:mRFP signal intensity. Error bars represent standard error 
(n = 60). Statistical significance was evaluated with the unpaired 
student T-test (* P < 0.05, ** P < 0.01, *** P< 0.0001). (B) Graphs 
depict the change in relative number of transformed cells displaying 
a low (-), medium (+), high (++), and very high (+++) DR5rev:mRFP signal 
intensity between the two samples (for detailed description of the 
quantification, see Additional file 1: Figure S2). Error bars represent standard 
error (n = 3 repetitions with at least 60 counted cells). Statistical significance 
was evaluated with the ANOVA test; the P-value is indicated. 



slide (in water) and subsequently covered with a cover slip. 
Samples were analyzed via confocal microscopy. 

Microscopy 

Live-cell confocal microscopy was done with a Zeiss 710 
microscope. Fluorescence signals for GFP (excitation 488 
nm, emission peak 509 nm) and mRFPl (excitation 561 
nm, emission peak 607 nm) were detected. Sequential scan- 
ning was used for double labeling to avoid crosstalk be- 
tween channels. The DR5rev:mRFP expression was 
evaluated by defining the mean gray value (MGV) of each 
imaged cell (middle sections). For each experiment, con- 
focal settings were defined based on the DR5rev:mRFP sig- 
nal of the control cells and remained unchanged during the 
respective experiment. Transformants were identified based 
on the fluorescence of both proteins, imaged with a 40x ob- 
jective, and subdivided into four clusters (very low, low, 
medium, and high) according to the relative MGV (See also 
Additional file 1: Figure S2). Every experiment was done in 
triplicate (independent transformations) and for each con- 
dition, a total number of at least 60 transformed cells were 
imaged. The means and standard errors were calculated 
and the statistical significance (independence between the 
two populations) was obtained by student t-test (for the 
analysis of the MGV) and ANOVA analysis (for the sub- 
division into clusters). 

Additional files 



Additional file 1: Barbez et al Supplementary information. Table SI. 

Cotransformation efficiencies. The cotransformation efficiency was 
measured for two constructs transformed at several concentration ratios. 
Transformants were identified based on the presence of plasmid 1 and 
the percentage of cells carrying both plasmids was calculated. Figure SI: 
Correlation between PIN1-GFP and DR5rev:mRFP signal intensity. (A) 
Graph depicts relative PIN7 expression levels of dexamethasone induced 
GVG-PIN7 and non-induced cells analysed by quantitative-RT-PCR (n = 3). 
(B) Estradiol induced BY-2 cells show individual variability of PIN! -GFP 
expression. Cellular intensity of PIN 1 -GFP reveals a negative correlation 
between PIN1-GFP and DR5rev:mRFP signal intensity. Strongly PIN! -GFP 
expressing cells show a strong decrease in DR5rev:mRFP signal intensity 
(green arrowheads) compared to cells with weaker PIN1-GFP expression 
(red arrowheads). (C) Scatterplot depicts single cell mean gray value 
(MGV) of the PIN 1 -GFP and the corresponding DR5rev:mRFP fluorescent 
intensity (n = 178). Figure S2. DR5rev:mRFP signal intensity quantification. 
DR5rev:mRFP signal intensity is visualized by gray scale representation 
and the mean gray value (MGV) of each transformed cell is measured 
using Image J. The relative MGV of each cell is calculated according to 
the average MGV of the control sample. Individual relative MGV are 
depicted in the pictures. The transformed cell population of each sample 
is subdivided in 4 classes according to the relative MGV. Cells were 
scored as low (-) with a relative MGV below 0.5 (= 2~ 1 ), medium (+) with 
a relative MGV between 0.5 (= 2~ ] ) and 1 (= 2°), high (++) with a relative 
MGV between 1 (= 2°) and 2 (= 2 1 ) and very high (+++) with a mean 
grey value higher then 2 (= 2 1 ). This evaluation visualizes the variability of 
DR5rev:RFP signal intensity within the transformed cell population. In the 
used confocal settings, most of the visualized cells clustered in the 
categories medium and strong. Figure S3. Effect of brassinolide on 
cellular auxin homeostasis. (A) DR5rev:GFP expression in the root tip of 
brassinolide (1 uM; 18 hours) treated and untreated Arabidopsis thaliana 
seedlings. Graph represents the relative average mean gray values (MGV) 
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